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(57) ABSTRACT 

Embodiments of the disclosure include an apparatus and 
methods for using a piezoelectric device, that includes an 
outer flextensional casing, a first cell and a last cell serially 
coupled to each other and coupled to the outer flextensional 
casing such that each cell having a flextensional cell structure 
and each cell receives an input force and provides an output 
force that is amplified based on the input force. The apparatus 
further includes a piezoelectric stack coupled to each cell 
such that the piezoelectric stack of each cell provides piezo- 
electric energy based on the output force for each cell. Fur- 
ther. the last cell receives an input force that is the output force 
from the first cell and the last cell provides an output appara- 
tus force In addition, the piezoelectric energy harvested is 
based on the output apparatus force. Moreover, the apparatus 
provides displacement based on the output apparatus force. 

27 Claims, 7 Drawing Sheets 
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MULTISTAGE FORCE AMPLIFICATION OF 
PIEZOELECTRIC STACKS 

CROSS-REFERENCE TO RELATED 

APPLICATIONS 5 

This patent application relates to U.S. Provisional Patent 
Application No. 61/414,815, filed Apr. 15, 2010, and claims 
the benefits of U.S. Provisional Patent Application No. 
61/414,807, U.S. Provisional Patent Application No. 61/414, 10 
803, and U.S. Provisional Patent Application No. 61/324,445 
(all of which were filed Nov. 17, 2010), which are incorpo- 
rated by reference. 

STATEMENT REGARDING FEDERALLY 15 

SPONSORED RESEARCH AND DEVELOPMENT 

This invention was made in part with Government support 
under Grant Number NCC-1 -02043 awarded by the National 
Aeronautics and Space Administration. The Government 20 
may have certain rights in this invention. 

BACKGROUND OF THE INVENTION 

Energy management is one of the most challenging issues 25 
in the world today. Accordingly, various energy harvesting 
technologies have gained attention, including harvesting 
energy from walking or other vibration sources using piezo- 
electric materials. Self-powered supply sources are an emer- 
gent need for, among other things, communication devices; 30 
sensor networks for infrastructures; health monitoring and 
active control for aircraft; and soldiers on the battleground. 
Traditionally, there are three kinds of energy resources: heat, 
solar, and motion/vibration. Among them, heat and solar 
energies are weather dependent, which cannot be controlled 35 
by our soldiers for harvesting energy in military applications. 
The only energy resource that can be controlled by our army 
and marine soldiers is motion/vibration energy. In addition, 
ocean surface waves are a huge motion energy resource for 
naval battlefields. Vibrations from engines or other motion 40 
structures in any kind of battlefield are the other motion 
energy resources to be harvested. A piezoelectric structure is 
one of the common devices used to harvest motion/vibration 
energy. For aeronautic and space missions, piezoelectric 
energy harvesting transducers can harvest energy for auxil- 45 
iary energy and reduce noise in aircraft. Historically, most 
researchers focused on cantilever based energy harvesting 
devices, which work at a resonance mode to harvest motion/ 
vibration. See, e.g., S. Beeby, M. Tudor, and N. White, 
“Review Article: Energy harvesting vibration sources for 50 
microsystems applications,” Measurement Science and Tech- 
nology, 17 R175-R195, 2006; and S. Anton and H. Sodano, 
“Topical Review: A review of power harvesting using piezo- 
electric materials (2003-2006).” Smart Materials and Struc- 
ture 1 6 R1 -R2 1 , 2007. Some researchers demonstrated that a 55 
flextensional (Moonie) transducer offers more efficiency to 
harvest energy than a cantilever based device. See, e.g., H. 
Kim, S. Priya, H. Stephanou, and K. Uchino, “Consideration 
of Impedance Matching Techniques for Efficient Piezoelec- 
tric Energy Harvesting,” IEEE Tran, UFFC 54(9), 2007. A 60 
broadband, high efficiency motion/vibration energy harvest- 
ing device to harvest human motion energy, wind energy, 
ocean surface wave, as well as environmental vibration 
energy that can tap such unconventional but viable energy 
sources remains a goal of many scientists. 65 

Review of conventional piezoelectric energy harvesting 
transducer (PEHT) structures, revealed that most effective 


2 

piezoelectric constants are lower than about 1 0 4 pC/N, (reso- 
nant mode). This is, obviously, the main reason why such 
conventional PEHTs cannot harvest enough electric power. 
Recent technology developments have focused on hybrid 
piezoelectric stack materials that include layered electrome- 
chanical improvements in order to increase conversion effi- 
ciency in promising ways, such as, for example, U.S. Pat. No. 
7,446,459 and U.S. Patent Application Pub. No. 2010/ 
0096949, which are both incorporated herein by reference 
thereto in their entirety. However, continued improvement is 
sought in other parts of PEHT structures, including mecha- 
nisms for directing and amplifying forces into such stack 
materials. 

Further, for a specific vibration/motion resource, there 
needs to be a means to couple more mechanical energy from 
the vibration structure into a piezoelectric device and a means 
to convert a greater fraction of such mechanical energy into 
electrical energy. First, in order to couple the mechanical 
energy into PEHTs more effectively, the PEHT structure 
needs to be optimized and defined by the natural and envi- 
ronment of the vibration/motion resource. The performance 
of the PEHT device design depends on the piezoelectric prop- 
erties and the form of the piezoelectric material. Piezoelectric 
materials with higher electromechanical coupling factors and 
piezoelectric constants may be preferred. Moreover, piezo- 
electric multilayers may improve reliability, durability, 
energy storage capability and integration capability. 

In addition, many civilian and military applications require 
high performance electromechanical actuators. These 
include vibration control, dynamic flow control in aerospace, 
underwater navigation and surveillance, microphones, etc. 
High displacement and high electromechanical output power 
are two main demands for actuators needed in many applica- 
tions. Historically, a great deal of effort has been devoted to 
two research fields: 1 ) the development of electromechanical 
active materials offering the desired properties and 2) the 
development of electromechanical devices which utilize the 
materials in an efficient manner. Since the development of 
metal ceramic actuators (called “Moonies”), many device 
configurations have been exploited for amplified displace- 
ment and enhanced efficiency. 

In order to improve mechanical energy output, hybrid 
actuation system (HYBAS) may be used to utilize the char- 
acteristics of the electromechanical performance of these two 
types of electroactive materials in cooperative and effective 
way. Such a system shows significantly-enhanced electrome- 
chanical performance compared to the performance of 
devices made of each constituent material individually. A 
theoretical model for the HYBAS considers the elastic and 
electromechanical properties of the materials utilized in the 
system and the device configuration. Other actuator technolo- 
gies (synthetic jet) include piezoelectric hybrid energy har- 
vesting transducer (HYBERT), piezo triple hybrid actuation 
system (TriHYBAS), and piezoelectric multilayer-stacked 
hybrid actuation/transduction systems (Stacked-HYBATS) 
based on the understanding of the electromechanical proper- 
ties of piezoelectric materials and their applications. 

BRIEF SUMMARY OF THE INVENTION 

In view of the foregoing, it is an object of the invention to 
provide a system and method using multistage force ampli- 
fication of piezoelectric enetgy harvesting transducers 
(MFAPEHTs). In this MFAPEHT, a multistage force ampli- 
fication mechanism is employed to increase the effective 
piezoelectric constant and optimize the mechanical imped- 
ance match in order to increase mechanical energy input to 
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the device with same mechanical vibration source. Aspects of 
MFAPEHTs may include a configuration that enables to 
amplify the input mechanical vibration force to more than one 
order of amplitude to apply every layer of the piezoelectric 
multilayer stacks. Further, a MFAPEFIT can reduce the input 5 
stiffness of the PEF1T to match the mechanical impedance of 
a mechanical vibration media and to increase the mechanical 
energy absorption from environments. In addition, the 
MFAPEHT structure can increase the effective piezoelectric 
constant in order of amplitudes. Moreover, the force ampli- to 
fication mechanism of the MFAPEFIT may not affect the 
overall capacitance. Also, experimental data shows that the 
harvested electric power is proportional to the square of the 
amplitude of the force amplification when piezoelectric mate- 
rial working in linear range. Further, no share force is applied 15 
to the piezoelectric multilayer stack and compress stress is 
dominated in the MFAPEFIT. Therefore, the MFAPEFIT may 
have higher reliability and broad range of working stresses. 
Further, the same-sized MFAPEFIT compared to a conven- 
tional PEF1T, the MFAPEHT is capable to harvest electric 20 
power more than order of higher than a conventional PEHT. 
Also, the MFAPEHT can be used broadly for portable elec- 
tronic devices for military and civilian applications such as 
aircraft, automobile and other transportation equipment to 
harvest waste mechanical energy and reduces noise. 25 

In another embodiment of a MFAPEHT, relaxor piezoelec- 
tric single crystal multilayer stacks for energy harvesting 
transducers (RPSEHT), can also provide significant improve- 
ments over the current state of the art. Research developments 
have demonstrated that PMN-PT and PZN-PT relaxor single 30 
crystal materials have high piezoelectric constants 
(d33>1500 pC/N) and high electromechanical coupling fac- 
tors (k33>88%) as well as advantageous cryogenic proper- 
ties. Further, RPSEHT is capable of converting more than 
50% of mechanical energy input into electrical energy out 35 
using relaxor piezoelectric single crystal materials, which 
possess greater than 80% mechanical -electrical coupling fac- 
tors. In addition, the RPSEHT remains high energy conver- 
sion efficiency, i.e., high mechanical-electrical coupling fac- 
tor, in a broad range of temperatures (from 70 C to at or near 40 
cryogenic temperatures). Moreover, the RPSEHT enable har- 
vesting energy with high efficiency in both of off-resonance 
mode a resonance mode in a broad range of frequencies .Also, 
the RPSEHT structure increases the effective piezoelectric 
constant by an order of magnitude comparing with that of its 45 
piezo ceramic counterpart. The RPSEHT can harvest more 
electric charges compared to a single layer bulk relaxor piezo- 
electric single crystal of the same size given the same applied 
vibration motion force due to the high effective piezoelectric 
constraint of the RPSEHT. Further, the RPSEHT structure 50 
can increase the capacitance by order of magnitude such that 
it can translate into an increase in the energy storage capabil- 
ity and a reduction of magnitude in voltage. In addition, the 
RPSEHT structure can be scaled to any size and integrated 
into a vibration/motion system. Moreover, RPSEHT structure 55 
is more reliable and durable for applications in dynamic sys- 
tems as well as portable electronic devices in military and 
civilian applications such as aircraft, automobiles, and other 
vehicles to harvest waste mechanical energy. Also, the RPS- 
EHT may enable to reduce harmful vibration/noise signifi- 60 
cantly in various ranges of frequencies and temperature envi- 
ronments when applied. 

In order to enhance the mechanical eneigy output to obtain 
high displacement, large mechanical load capability (high 
blocking force) and high displacement height ration with low 65 
applied voltage for actuator transducer, a secondary amplifi- 
cation of multiple flextensional actuations system (SAM- 
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FATS) is disclosed. The SAMFATS can provide several times 
larger di splacement than a similarly sized flextensional actua- 
tor/transducer with the same level of mechanical load capa- 
bility. Further, the SAMFATS has strong resonance for trans- 
ducer applications. Moreover, the SAMFATS provides 
extremely high effective piezoelectric constant at resonance 
frequency and off-resonance frequencies. The effective 
piezoelectric constant can be controlled by varying the size of 
each component, the degree of the precurvature of the frames, 
the thickness of each layer in the multilayer stacks, and the 
piezoelectric materials used. In addition, the SAMFATS can 
offer high displacement height ratio (or effective device 
strain) as well as work in a broad temperature range (from 
Fiquid nitrogen temperature to >100 C), and preferably in at 
least some embodiments at or near cryogenic conditions. 
Further, the performance of SAMFATS can always be 
improved by enhancing the piezoelectric material properties. 
In addition, a SAMFATS device enables future actuator 
designs and expands piezoelectric material applications. 

Embodiments of the disclosure include an apparatus for 
using a piezoelectric device, that includes an outer flexten- 
sional casing, a first cell and a last cell serially coupled to each 
other and coupled to the outer flextensional casing such that 
each cell having a flextensional cell structure and each cell 
receives an input force and provides an output force that is 
amplified based on the input force. The apparatus further 
includes a piezoelectric stack coupled to each flextensional 
cell structure of each cell wherein the piezoelectric stack of 
each flextensional cell structure provides piezoelectric 
energy based on the output force for each cell . Further, the last 
cell receives an input force that is the output force from the 
first cell and the last cell provides a first output apparatus 
force that is the product of the input apparatus force, the 
output force of the first cell, and the output force of the last 
cell. In addition, the piezoelectric energy harvested is based 
on the first output apparatus force. Moreover, the apparatus 
provides displacement based on the first output apparatus 
force. Each flextensional cell structure receives the input 
force along a first axis and provides the output force along a 
second axis that is amplified compared to the first input force. 
Also, a voltage is applied to each piezoelectric stack and a 
stiffness of the apparatus may be reduced to increase ampli- 
fication of each input force for each cell. 

The apparatus may further include one or more intermedi- 
ate cells serially coupled to each other, each intermediate cell 
having a flextensional cell structure and each intermediate 
cell receives an input force and provides an output force that 
is amplified based on the input force wherein the one or more 
intermediate cells integrated into the apparatus such that the 
one or more intermediate cells are serially coupled between 
the first cell and the last cell. Further, the output force of the 
first cell is the input force of a first intermediate cell and the 
output force of a last intermediate cell is the input force of the 
last cell as well as a second output apparatus force that is the 
product of the input force, of the first cell, the output force of 
the first cell, the output force of each intermediate cell, and the 
output force of the last cell. In addition, the piezoelectric 
energy harvested is based on the second output apparatus 
force. Moreover, apparatus provides displacement based on 
the second output apparatus force. Also, the piezoelectric 
stack is a relaxor piezoelectric single crystal multilayer stack. 

Embodiments of the disclosure may also include methods 
for using a piezoelectric device, the method including steps 
for providing outer flextensional casing and a first cell and a 
last cell of a transducer coupled to the outer flextensional 
casing, each cell having a flextensional cell structure that 
includes a piezoelectric stack coupled to each flextensional 
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cell structure of each cell. Such a method may also include 
receiving an input force at the first cell, amplifying the input 
force at the first cell to provide an output force for the first cell, 
receiving the output force of the first cell as the input force of 
the last cell, and amplifying the input force at the last cell to 5 
provide an output force for the last cell. Further, a first trans- 
ducer output force is product of the input force of the first cell, 
the output force of the first cell, and the output force of the last 
cell. Additional steps in the method may include providing 
piezoelectric energy from the piezoelectric stack of each flex- to 
tensional cell structure of each cell based on first transducer 
output force as well as providing displacement based on the 
first output transducer force. Further steps may include 
receiving the input force along a first axis at each flexten- 
sional cell structure and providing the output force along a 15 
second axis that is amplified compared to the first input force 
as well as reducing the stiffness of the transducer thereby 
increasing the amplification of the each input force for each 
cell and applying a voltage to each piezoelectric stack. 

Moreover, steps in the method may include providing one 20 
or more intermediate cells serially coupled to each other, each 
intermediate cell having a flextensional cell structure and 
each intermediate cell receives an input force and provides an 
output force that is amplified based on the input force wherein 
the one or more intermediate cells are integrated into the 25 
transducer such that the one or more intermediate cells are 
serially coupled between the first cell and the last cell. Further 
steps may be providing the output force of the first cell as the 
input force of a first intermediate cell, providing the output 
force of a last intermediate cell as the input force of the last 30 
cell and providing a second output transducer force that is the 
product of the input force, of the first cell, the output force of 
the first cell, the output force of each intermediate cell, and the 
output force of the last cell. Additional steps may be harvest- 
ing the piezoelectric energy based on the second output trans- 35 
ducer force as well as providing displacement based on the 
second output transducer force. The piezoelectric stack may 
be a relaxor piezoelectric single crystal multilayer stack. 

Another embodiment of the present disclosure may be an 
apparatus for harvesting energy from a piezoelectric device, 40 
the apparatus including an outer flextensional casing, a first 
cell and a last cell serially coupled to each other and the outer 
flextensional casing, each cell having a flextensional cell 
structure and each cell receives an input force and provides an 
output force that is amplified based on the input force, and a 45 
relaxor piezoelectric single crystal-based multilayer stack 
(piezoelectric stack) coupled to each flextensional cell struc- 
ture of each cell wherein the piezoelectric stack of each flex- 
tensional cell structure provides piezoelectric energy based 
on the output force for each cell. Further, the last cell receives 50 
an input force that is the output force from the first cell and the 
last cell provides a first output apparatus force that is the 
product of the input apparatus force, the output force of the 
first cell, and the output force of the last cell and the piezo- 
electric energy harvested is based on the first output apparatus 55 
force. In addition, each flextensional cell structure receives 
the input force along a first axis and provides the output force 
along a second axis that is amplified compared to the first 
input force. 

Moreover, the apparatus may include one or more interme- 60 
diate cells serially coupled to each other, each intermediate 
cell having a flextensional cell structure and each intermedi- 
ate cell receives an input force and provides an output force 
that is amplified based on the input force wherein the one or 
more intennediate cells integrated into the apparatus such 65 
that the one or more intermediate cells are serially coupled 
between the first cells and the last cells. Further, the output 
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force of the first cell is the input force of a first intermediate 
cell and the output force of a last intennediate cell is the input 
force of the last cell. In addition, a second output apparatus 
force that is the product of the input force, of the first cell, the 
output force of the first cell, the output force of each interme- 
diate cell, and the output force of the last cell and the piezo- 
electric energy harvested is based on the second output appa- 
ratus force. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING(S) 

FIGS. 1A-1C are exemplary functional block diagrams of 
a MFAPEHT, specifically a two stage force amplification 
piezoelectric energy harvesting transducer (TSAFAPETS), in 
accordance with aspects of the present disclosure; 

FIG. 2 is an exemplary functional block diagrams of a 
MFAPEHT, in accordance with aspects of the present disclo- 
sure; 

FIG. 3 is an exemplary functional block diagram of a first 
amplification unit of a TFAPETS, in accordance with aspects 
of the present disclosure; 

FIG. 4 is an exemplary functional block diagram of piezo- 
electric multilayer stack (PMS) in a dynamic situation, in 
accordance with aspects of the present disclosure; 

FIG. 5 is an exemplary functional block diagrams of a 
MFAPEHT coupled to a vibration enhancement plate, in 
accordance with aspects of the present disclosure; 

FIG. 6 is an exemplary flowchart showing example meth- 
ods for harvesting energy and providing displacement using a 
transducer having piezoelectric stacks, in accordance with 
aspects of the present disclosure. 

DETAILED DESCRIPTION OF THE INVENTION 

In this section, the structure of a MFAPEHT and the mul- 
tiple stages of force amplification mechanism are described 
first. The theoretical models for force amplification, piezo- 
electric constant amplification, and vibration energy harvest- 
ing for the MFAPEHT are developed. Then, the impedance 
issues to enhance the mechanical energy input to the 
MFAPEHT are briefly addressed. Finally, the experimental 
validation for MFAPEHT is presented. 

FIGS. 1A-C shows an exemplary two-stage force amplifi- 
cation of PEHT (TSFAPEHT) (100, 150). FIG. 1(a) is a front 
cross section view of the TSFAPEHT and FIG. 1 (b) is a top 
cross section view. The TSAFAPEHT includes an outer flex- 
tensional casing structure 110 (120 viewed in the top cross 
section view in FIG. l(i)that surrounds one or more cells 130. 
Each cell includes a flextensional cell structure 125 that may 
be made of a metal frame that surrounds a piezoelectric stack 
135. In one embodiment the piezoelectric stack 135 may be a 
multilayer stack. Further, FIG. 1(c) is an exemplary func- 
tional diagram of a fabricated TSFAPEHT with an outer 
flextensional casing structure 170 orthogonal to the one or 
more cells 1 60 such that each cell includes a flextensional cell 
structure 180 and a piezoelectric stack 190. 

When an external force is applied to the TSFAPEHT in the 
AA direction (See FIG. 1(a)), the force is amplified, by a 
factor of Ml in the BB direction through the first stage of 
amplification. Further amplification, by a factor of M2, is 
through lengthening of the secondary stage amplification 
frame from the BB direction to the CC. direction. Thus, if the 
coupled force in the AA direction is F, then the applied force 
to the piezoelectric multilayer stack in CC direction is 
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M1*M2*F for each layer of the three multilayer stacks. The 
amplified force yields more electric charges than a same force 
applied into a PEHT. 

In a further embodiment, when the PMS in FIGS. 1 A-1C 

5 

are relaxor piezoelectric single crystal multilayers stacks then 
the MFAPEHT shown FIGS. 1A-1C may act as a RPSEHT 
with the advantages of such a device described in the present 
disclosure. 

In an alternative embodiment, the flextensional structure to 
shown in FIGS. 1A-1C can be used in a secondary amplifi- 
cation multiple flextensional actuation system (SAMFATS). 
Thus, the functional block diagram shown in FIGS. 1A-1C 
can be described as serially coupled multiple piezoelectric 
multiplayer stacks (PMS)-based flextensional actuators. The 15 
PMS is the active element in such a flextensional actuator. 
When a voltage is applied to the PMSs, the PMSs expand 
along their length. This causes the series of three flextensional 
cell structures to shrink along its serial direction with ampli- 
fied displacement (amplification factor Ml). Such shrinkage 
may drive the outer flextensional casing to expand along its 
height with the secondary amplification of displacement (am- 
plification factor M2). Thus, the SAMFATS structure can 
offer a large displacement with a high mechanical load capa- , - 
bility in relatively small dimension actuator. 

In order to further amplify the force applied to a PEHT and 
reduce the external stiffness of a PEHT, a multistage force 
amplification of piezoelectric energy harvesting transducer 
(MFAPEHT) 200 is shown diagrammatically in FIG. 2. Mul- 30 
tiple (more than two) TSFAPEHTs, 220, as shown in FIG. 1, 
are serially connected in AA direction and integrated into an 
outer flextensional casing 210. Exemplary flextensional cas- 
ings may be found inU.S. Pat. Nos. 4,999,819 and 5,276,657, 
which are incorporated by reference. Similarly, more stages 35 
of force amplification, i.e. MFAPEHTs 200, as shown in FIG. 

2, could be integrated according to the mechanical matching 
with the vibration source to input more mechanical waste 
energy into a PEHT. A person of ordinary skill in the art would 
understand that the term “stage” may be interchanged with 40 
“cell.” 

The diagram of a first amplification unit is shown in FIG. 3. 
The schematic of the first amplification unit is drawn in the 
FIG. 3 a. There are three piezoelectric multilayer stacks 
(PMSs) inside an outer flextensional casing. An exemplary 
functional block diagram of a PMS is shown in FIG. 3(b). The 
piezoelectric materials can be piezoelectric ceramic either in 
single crystal or in polycrystalline. In addition, the PMS can 
be replaced with piezoelectric polymers or electroactive _ f) 
materials with a DC bias. Referring to FIG. 3(c), when a 
dynamic force F v is applied to the AA direction, an amplified 
force F T is exerted in the BB direction. The amplitude M of the 
frame is: 

F,=(cot Q)F y =MF y (1) 55 

where 


COt# = 


(a-b)/ 2 
(d-c)/ 2 


a-b 

d-c 


(2) 60 


Hie amplitude of amplification M is dependent on the 
angle 0 of the frame if the frame is rigid. For a multistage 65 
amplification, the total amplitude of the force amplification 
is: 


N 

YjM =MiM 2 ... M n = ]~~[ M, 


(3) 


The final internal force F„, applied to an individual PMS is: 



(4) 


where F er is the external force applied to the MFAPEHT. 
If each of the PMSs in the MFAPEHT is made of p layers 
of piezoelectric material with piezoelectric constant at d 33 , 
and totally q pieces of PMSs are employed in the MFAPEHT, 
the effective piezoelectric, constant of the MFAPEHT, 
observed from the external of the MFAPEHT, is: 


- « 

4 effective = ] | 3 /; p C[d. 3 
. 1 = 1 / 


(5) 


When one designs a MFAPEHT, the maximum stress 
applied to the PMS is limited by the intrinsic property of the 
piezoelectric material. Therefore, the allowed maximum 
internal force, directly applied to the PMS, divided by 
maximum vibration force is the limitation of ZM, i.e. , 


v 1 , , F inM 

‘ et 

(6a) 

F inM = X/nax A 

(6b) 


where ~X. max is the maximum stress allowed for the piezo- 
electric material, and A is the area of cross-section of an 
individual PMS in the MFAPEHT. 

In addition, the generated electric field in the PMSs of the 
MFAPEHT must be lower than the coercive electric field of 
the piezoelectric material . Simultaneously, the stiffness of the 
outer flextensional casing is dependent on the mechanical 
stiffness of the vibration medium to ensure that maximum 
mechanical energy is fed into the MFAPEHT. 

A calculation was performed in order to estimate the theo- 
retical energy that could be harvested. Accordingly, in order 
to collect all the produced electric power to one energy har- 
vesting circuit and store the energy into one battery, the PMSs 
are electrically connected in parallel. 

FIG. 4 is an exemplary functional block diagram 400 of 
piezoelectric multilayer stack (PMS) in a dynamic situation. 
Further, FIG. 4 shows the equivalent circuit of dynamic 
response for a PMS. 

The linear constitutive equations for piezoelectric materi- 
als are: 


E3{ t )~ S 3^'E 3 (t)+d 33 E 3 (t) 

(7a) 

E>3(t)=d 33 T 3 (t)+e 33 T E 3 (t) 

(7b) 


where S 3 (t) is the strain, S 33 is the elastic compliance, T 3 (t) 
is the stress, d 33 is the piezoelectric constant, E 3 (t) is the 
electric field, D 3 (t) is the electric displacement, e 33 is the 
dielectric permittivity, and the subscripts represent the direc- 
tion of each property. The equation (7a) defines the mechani- 
cal response of material while the equation (7b) defines the 
electric response. 
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If the MFAPEHT works in a certain range of frequencies, 
the MPS can be assumed to be subjected to a known com- 
pression from the experimental characterization. Then, the 
equations (7a) and (7b) can be simplified using the following 
relationships: 


„ . , AD _ , , F(t) „ , , v(r) Qi(t) 

SAD = — , TAD = — , EAD = — . DAD = — — 

L A t A 


F)t) = F in (t) = | f] m\f„A) 


L I N d 

AD = — n M > FM + -J-LAD 


gw = ^ , 3 pip] m\f„a) + pqe f m 


When the dynamics of the system have been coupled to the 
electrical response of the PMS, the electric boundary condi- 
tions can be identified as the load resistance R 

Af)=-RQ(f) (17) 

Substituting Eq. (17) into Eqs. (15) and (16), the coupled 
electromechanical response of the MFAPEHT is given as: 


where x(t) is the displacement, Q(t) is the electric charge, L 
is the length of the PMS, t is the thickness of each individual 
piezoelectric layer in the PMS, A is the cross-section area, 
F(t) is the force applied to the PMS, and v(t) is the voltage. 15 
Since each PMS made of p layers, then, 


d-x'xkL . 

Mx + kx(D - Ad— cr - 1 Q(D = F( t) 




Substituted (8)— (10) into (7), the constitutive equations can 2 s 
be rewritten as: 


where i(t)=Q(t), and the voltage output of the MFAPEHT 
across the load resistance is defined as v(t)=RQ(t). Then, the 
power output can be calculated assuming that the load imped- 
ance will be the same as the source impedance, i.e., 


jcoC jtopqeljA 

where to is the frequency of the external alternative force 
and j is the complex impedance of the capacitive PMS. Uti- 
lizing the defined impedance in Eq. (20), the power can be 
defined as: 


The capacitance of the PMSs in the MFAPEHT is: 


When no energy storage is connected to the MFAPEHT, 
the voltage charge relation is 


, , GW 

vW = — 


Substitute the piezoelectric force in equation (11), the 50 
mechanical response of the system to be written as: 


EA d 33 AE . (15) 

Mx = -F p {D + F(D*Mx+—-x{t)-— — (r l Q(t)=F(t) 


where M is the mass. The electric response can then be 
defined by solving in equation (12) and substituting the lon- 
gitudinal stiffness k and the spring force F(t) in equation (10) 
to give 


where v is the rms value of v(t). 

With the equations derived above, the electric response of 
the MFAPEHT can be calculated if the dynamic tension is 
known. 

Vibration sources with different mechanical impedance 
transfer vibration energy from the vibration source to a PEHT. 
The ratio of energy transferred from one medium to the other 
is dependent on mechanical impedance matching of the two 
media. In order to harvest more energy from a fixed waste 
mechanical vibration, specific mechanical impedance, i.e., 
the stiffness of the PEHT, may he designed as close to the 
stiffness of the medium as possible. The outer flextensional 
casing or frame can reduce the stiffness of the PEHT based on 
such a principle. Further novel aspects of the disclosure 
include a method to further reduce the stiffness of the struc- 
ture. 

For example, if the vibration medium is air with a small 
force intensity, the outer flextensional casing or frame can be 
designed to me much softer outside of the MFAPEHT. Alter- 
natively, the flextensional cell structures which are close the 
PMS, may remain stiff with many stages of force amplifica- 
tion. Further, a vibration absorption enhancement plate may 
be added, as shown in FIG. 5 (500), to enhance the energy 
input to a MFAPEHT in the case of harvesting vibrations with 
air as the medium. The input energy can determined by 


{ A 1 GW 
v(r) = -d 33 p?l ]~[ M, jF„(r) + — 


where, A is the area of the vibration absorption enhance- 
ment plate, and H is the linear energy density of the air 
65 vibration. 

FIG. 6 is an exemplary flowchart 600 showing example 
methods for harvesting energy and providing displacement 
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using a transducer having piezoelectric stacks, in accordance 
with aspects of the present disclosure. A person of ordinary 
skill in the art would understand that the steps shown in FIG. 

6 may be implemented in any order and that only a subset of 
the steps shown in FIG. 6 may be implemented to harvest 5 
energy or provide displacement using a transducer having 
piezoelectric stacks. Steps in the example methods may 
include providing outer flextensional casing and a first cell 
and a last cell of a transducer coupled to the outer flexten- 
sional casing, as shown in block 602. Each cell may have a to 
flextensional cell structure that includes a piezoelectric stack 
coupled to each flextensional cell structure. Further steps in 
the example methods may also include receiving an input 
force at the first cell, amplifying the input force at the first cell 
to provide an output force for the first cell, receiving the 15 
output force of the first cell as the input force of the last cell, 
and amplifying the input force at the last cell to provide an 
output force for the last cell, as shown in blocks 604-610. 
Moreover, a first transducer output force is product of the 
input force of the first cell, the output force of the first cell, and 20 
the output force of the last cell. Additional steps in the method 
may include providing piezoelectric energy from the piezo- 
electric stack of each flextensional cell structure of each cell 
based on first transducer output force as well as providing 
displacement based on the first output transducer force, as 25 
shown in blocks 612 and 614. Other steps may include receiv- 
ing the input force along a first axis at each flextensional cell 
structure and providing the output force along a second axis 
that is amplified compared to the first input force, as shown in 
block 616 and 618. Another step in the example methods may 30 
include reducing the stiffness of the transducer thereby 
increasing the amplification of the each input force for each 
cell, as shown in block 619. A further step in the method may 
include applying a voltage to each piezoelectric stack, as 
shown in block 620. 35 

Moreover, steps in the method may include providing one 
or more intermediate cells serially coupled to each other, as 
shown in block 622. Each intermediate may cell have a flex- 
tensional cell structure and each intermediate cell receives an 
input force and provides an output force that is amplified 40 
based on the input force wherein the one or more intermediate 
cells are integrated into the transducer such that the one or 
more intermediate cells are serially coupled between the first 
cell and the last cell. Further steps may he providing the 
output force of the first cell as the input force of a first 45 
intermediate cell, providing the output force of a last inter- 
mediate cell as the input force of the last cell and providing a 
second output transducer force that is the product of the input 
force, of the first cell, the output force of the first cell, the 
output force of each intermediate cell, and the output force of 50 
the last cell. Additional steps may be harvesting the piezo- 
electric energy based on the second output transducer force as 
well as providing displacement based on the second output 
transducer force, as shown in blocks 624 and 626. Moreover, 
the example methods may include providing a piezoelectric 55 
stack that may be a relaxor piezoelectric single crystal mul- 
tilayer stack., as shown in bock 628. 

An exemplary relaxor piezoelectric single crystal multi- 
layer stack contains relaxor piezoelectric materials arranged 
in consistent polarization directions as layers with electrode 60 
and comiection wires to form a circuit. In at least one embodi- 
ment, when an external force is application in the length 
direction, the force applied on each layer is the same. The 
electric charges produced on the two surfaces of each layer in 
the stack are the same as the force applied on a large piece of 65 
the same piezoelectric material. The multilayer structure 
increases the capacitance of the stack so it can store more 
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electric charges. Such layers may include, without limitation 
PMN-PT or PZN-PT single crystal materials. 

All references, including publications, patent applications, 
and patents, cited herein are hereby incorporated by reference 
to the same extent as if each reference were individually and 
specifically indicated to be incorporated by reference and 
were set forth in its entirety herein. 

The use of the terms “a” and “an” and “the” and similar 
referents in the context of describing the invention (especially 
in the context of the following claims) are to be construed to 
cover both the singular and the plural, unless otherwise indi- 
cated herein or clearly contradicted by context. The terms 
“comprising,” “having,” “including,” and “containing” are to 
be construed as open-ended terms (i.e., meaning “including, 
but not limited to,”) unless otherwise noted. Recitation of 
ranges of values herein are merely intended to serve as a 
shorthand method of referring individually to each separate 
value falling within the range, unless otherwise indicated 
herein, and each separate value is incorporated into the speci- 
fication as if it were individually recited herein. All methods 
described herein can be performed in any suitable order 
unless otherwise indicated herein or otherwise clearly con- 
tradicted by context. The use of any and all examples, or 
exemplary language (e.g., “such as”) provided herein, is 
intended merely to better illuminate the invention and does 
not pose a limitation on the scope of the invention unless 
otherwise claimed. No language in the specification should be 
construed as indicating any non-claimed element as essential 
to the practice of the invention. 

Preferred embodiments of this invention are described 
herein, including the best mode known to the inventors for 
carrying out the invention. Variations of those preferred 
embodiments may become apparent to those of ordinary skill 
in the art upon reading the foregoing description. The inven- 
tors expect skilled artisans to employ such variations as 
appropriate, and the inventors intend for the invention to be 
practiced otherwise than as specifically described herein. 
Accordingly, this invention includes all modifications and 
equivalents of the subject matter recited in the claims 
appended hereto as permitted by applicable law. Moreover, 
any combination of the above-described elements in all pos- 
sible variations thereof is encompassed by the invention 
unless otherwise indicated herein or otherwise clearly con- 
tradicted by context. 

The invention claimed is: 

1. An apparatus for harvesting mechanical vibration/mo- 
tion energy from a piezoelectric device, the apparatus com- 
prising: 

an outer flextensional casing; 

a first cell and a last cell serially coupled to each other and 
coupled to the outer flextensional casing, each cell hav- 
ing a flextensional cell structure and wherein each cell 
receives an input force from the outer flextensional cas- 
ing and provides an output force that is amplified based 
on the input force; and 

a piezoelectric stack coupled to each flextensional cell 
structure of each cell wherein the piezoelectric stack is 
comprised of multiple piezoelectric layers each con- 
nected serially to an electrode and wherein the piezo- 
electric stack of each flextensional cell structure pro- 
vides the eneigy as electrical chaiges to the electrodes 
based on the output force received from each cell, 

wherein the last cell receives an input force that is the 
output force from the first cell and the last cell provides 
a first output apparatus force that is the product of the 
input apparatus force, the output force of the first cell, 
and the output force of the last cell, 
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wherein the flextensional casing is arranged orthogonally 
with respect to the first cell and the last cell. 

2. The apparatus of claim 1, wherein the energy harvested 
is based on the first output apparatus force. 

3 . The apparatus of claim 1 , wherein the apparatus provides 5 
deformation based on the first output apparatus force. 

4. The apparatus of claim 1, wherein each flextensional cell 

structure receives the input force along a first axis and pro- 
vides the output force along a second axis that is amplified 
compared to the first input force. to 

5. The apparatus of claim 1, wherein the multiple piezo- 
electric layers of each piezoelectric stack are connected in 
parallel. 

6. The apparatus of claim 1, wherein a voltage is applied to 

each piezoelectric stack. 15 

7. The apparatus of claim 1, wherein an overall stiffness of 
the apparatus is reduced to increase amplification of each 
input force for each cell. 

8. The apparatus of claim 1, the apparatus further compris- 
ing: 20 

one or more intermediate cells serially coupled to each 
other, each intermediate cell having a flextensional cell 
structure and each intermediate cell receives an input 
force and provides an output force that is amplified 
based on the input force wherein the one or more inter- 25 
mediate cells integrated into the apparatus such that the 
one or more intermediate cells are serially coupled 
between the first cell and the last cell, 
wherein the output force of the first cell is the input force of 
a first intermediate cell and the output force of a last 30 
intermediate cell is the input force of the last cell, and 
wherein a second output apparatus force that is the product 
of the input force, of the first cell, the output force of the 
first cell, the output force of each intermediate cell, and 
the output force of the last cell. 35 

9. The apparatus of claim 8, wherein the piezoelectric 
energy harvested in each piezoelectric stack is based on the 
second output apparatus force, a stiffness of that piezoelectric 
stack, a mechanical to electrical energy conversion efficiency 

of that piezoelectric stack, a frequency of the input force, and 40 
an interaction time. 

10. The apparatus of claim 8, wherein the apparatus pro- 
vides displacement based on the second output apparatus 
force and a stiffness of that piezoelectric stacks. 

11. The apparatus of claim 1, wherein the piezoelectric are 45 
relaxor piezoelectric single crystal multilayer stacks. 

12. A method for harvesting mechanical vibration/motion 
from a piezoelectric device, the method comprising: 

providing an outer flextensional casing and a first cell and 
a last cell of a transducer coupled to the outer flexten- 50 
sional casing, each cell having a flextensional cell struc- 
ture that includes a piezoelectric stack coupled to each 
flextensional cell structure of each cell, wherein the 
piezoelectric stack comprises multiple piezoelectric lay- 
ers each comiected to an electrode and the flextensional 55 
casing is arranged orthogonally with respect to the first 
cell and the last cell; 

receiving an input force from the outer flextensional casing 
at the first cell; 

amplifying the input force at the first cell to provide an 60 
output force for the first cell; 

receiving the output force of the first cell as the input force 
of the last cell; 

amplifying the input force at the last cell to provide an 
output force for the last cell; and 65 

harvesting the energy as electrical charges at the elec- 
trodes, 


wherein a first transducer output force is product of the 
input force of the first cell, the output force of the first 
cell, and the output force of the last cell and the energy is 
harvested based on the first transducer output force. 

13. The method of claim 12, wherein the multiple piezo- 
electric layers of each piezoelectric stack are comiected in 
parallel. 

14. The method of claim 12, further comprising providing 
deformation based on the first output transducer force and an 
overall stiffness of the piezoelectric device. 

15. The method of claim 12, the method further compris- 
ing: 

receiving the input force along a first axis at each flexten- 
sional cell structure; and 

providing the output force along a second axis that is 
amplified compared to the first input force. 

16. The method of claim 15, wherein the multiple piezo- 
electric layers are layers of PMN-PT or PZN-PT single crys- 
tal materials. 

17. The method of claim 12, the method further comprising 
reducing the stiffness of the transducer thereby increasing the 
amplification of the each input force for each cell. 

18. The method of claim 12, the method further comprising 
applying a voltage to each piezoelectric stack. 

19. The method of claim 12, the method further compris- 
ing: 

providing one or more intermediate cells serially coupled 
to each other, each intermediate cell having a flexten- 
sional cell structure and each intermediate cell receives 
an input force and provides an output force that is ampli- 
fied based on the input force wherein the one or more 
intermediate cells are integrated into the transducer such 
that the one or more intermediate cells are serially 
coupled between the first cell and the last cell; and 

providing the output force of the first cell as the input force 
of a first intermediate cell, providing the output force of 
a last intermediate cell as the input force of the last cell 
and providing a second output transducer force that is 
the product of the input force, of the first cell, the output 
force of the first cell, the output force of each interme- 
diate cell, and the output force of the last cell. 

20. The method of claim 19, the method further comprising 
harvesting the piezoelectric energy based on the second out- 
put transducer force, a stiffness of each piezoelectric stack, a 
mechanical to electrical energy conversion efficiency of each 
piezoelectric stack, a frequency of the input force, and an 
interaction time. 

21 . The method of claim 19, the method further comprising 
providing deformation based on the second output transducer 
force and a stiffness of that piezoelectric stacks. 

22. The method of claim 12, wherein the piezoelectric 
stack is a relaxor piezoelectric single crystal multilayer stack. 

23. The method of claim 12, wherein the method is con- 
ducted at or near cryogenic temperature conditions. 

24. An apparatus for harvesting mechanical vibration/mo- 
tion energy through a piezoelectric device, the apparatus 
comprising: 

an outer flextensional casing; 

a first cell and a last cell serially coupled to each other and 
the outer flextensional casing, each cell having a flex- 
tensional cell structure and wherein each cell receives an 
input force from the outer flextensional casing and pro- 
vides an output force that is amplified based on the input 
force; and 

a relaxor piezoelectric single crystal-based multilayer 
stack (piezoelectric stack) coupled to each flextensional 
cell structure of each cell wherein the piezoelectric stack 
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is comprised of multiple piezoelectric layers each con- 
nected to an electrode and wherein the piezoelectric 
stack of each flextensional cell structure provides the 
piezoelectric energy as electrical charges to the elec- 
trodes based on the output force received from each cell, 5 
wherein the last cell receives an input force that is the 
output force from the first cell and the last cell provides 
a first output apparatus force that is the product of the 
input apparatus force, the output force of the first cell, 
and the output force of the last cell, 
wherein the piezoelectric energy harvested is based on the 
first output apparatus force, and 
wherein the flextensional casing is arranged orthogonally 
with respect to the first cell and the last cell. 

25. The apparatus of claim 24, wherein each flextensional 
cell structure receives the input force along a first axis and 15 
provides the output force along a second axis that is amplified 
compared to the first input force. 

26. The apparatus of claim 25, wherein the multiple piezo- 
electric layers of each piezoelectric stack are connected in 
parallel. 

27. The apparatus of claim 24, the apparatus further com- 
prising: 


one or more intermediate cells serially coupled to each 
other, each intermediate cell having a flextensional cell 
structure and each intermediate cell receives an input 
force and provides an output force that is amplified 
based on the input force wherein the one or more inter- 
mediate cells integrated into the apparatus such that the 
one or more intermediate cells are serially coupled 
between the first cells and the last cells, 
wherein the output force of the first cell is the input force of 
a first intermediate cell and the output force of a last 
intermediate cell is the input force of the last cell, and 
wherein a second output apparatus force that is the product 
of the input force, of the first cell, the output force of the 
first cell, the output force of each intermediate cell, and 
the output force of the last cell and the piezoelectric 
energy harvested is based on the second output appara- 
tus force, a stiffness of that piezoelectric stack, a 
mechanical to electrical enetgy conversion efficiency of 
that piezoelectric stack, a frequency of the input force, 
and an interaction time. 



